The purification of the hexanic extract from the leaves of a native variety of mahogany collected in Santarém (Pará, Brazil) afforded eight new phragmalin limonoids along with eight known compounds. This variety, according to field observations, should be considered resistant against the specialist insect Hypsipyla grandella, that attacks the terminal shoots only of juvenile mahogany and not of matured ones. After observing that four phragmalin limonoids were present just in mature leaves, we carried out two bioassays, one of them using a fraction from hexanic extract of mature leaves and another using a mix of four limonoids. The results of the bioassay using the isolated limonoids showed a direct effect on the larvae of H. grandella, suggesting that these limonoids act as inhibitors of larvae growth. This should be the reason why larvae choose the young leaves for their development.
Introduction
Brazilian mahogany, known as big-leaf mahogany, has been extensively studied, indicating a wide variety of biological activities such as antimicrobial, 1 antiinflammatory, 2, 3 antioxidant, 4-6 hypolipidemic 7-9 and antifeedant. 10, 11 Despite all these biological activities, the high commercial value of sawn mahogany timber continues to deliver the greatest demand for this species. This factor stimulates uncontrolled exploitation with no concern for developing management techniques to preserve the species for future generations. 12, 13 Although efforts to establish large-scale homogeneous plantations of native Meliaceae species, these have almost invariably failed, due to larval attacks by the shoot borer Hypsipyla grandella (Lepidoptera: Pyralidae). The main damage from H. grandella is caused by the larvae, which destroys the terminal shoots of juvenile plants, producing low-branched economically useless trees. 14, 15 A great amount of emphasis has been placed on reforestation in Aurora do Pará, city of Pará (Brazil). In this area, seeds from several regions of the Amazon basin were planted at the Tramontina Farm, among them, native varieties from Santarém, Pará. Field observations, at Tramontina Farm, that Santarém varieties were less attacked by H. grandella larvae, led to the hypothesis that this was a case of resistance. To date, no selected mahogany materials aiming at resistance to H. grandella larvae are available. However, breeding for the selection of tolerant or resistant materials for further cloning and maintenance of characteristics has become an aspiration of the timber industry. 16, 17 There are only a few studies about intra-specific diversity effects, but fewer about these effects on plant antiherbivore defenses. Recently, Moreira et al. 18 conducted a large-scale field trials of Swietenia macrophylla King, manipulating their genotypic diversity and tree diversity species and measured the effects of such manipulation on the growth of mahogany and in damage from H. grandella larvae. In addition, the authors measured its secondary metabolites (tannins and polyphenolic compounds) in stems and leaves. 18, 19 To determine the phytochemical basis of this possible resistance of indigenous varieties of S. macrophylla, we have now undertaken a further investigation of its leaves, whose extract provided eight new phragmalin limonoids (1) (2) (3) (4) (5) (6) (7) (8) (Figure 1 ). Our previous investigations reported the presence of six phragmalin limonoids with an 8,9,30-ortho-ester unit (9) (10) (11) (12) (13) (14) . 20 This data is in agreement with previous works showing the presence of phragmalin limonoids in species collected in Asia. [21] [22] [23] [24] According to Moghadamtousi et al., 11 there seems not to be much variety in the class of compounds in S. macrophylla, since, among the 93 compounds listed in a phytochemical review, 77 of them belong to the limonoid class, among which 38 are phragmalin type.
Our taxonomic and ecologic interest in the Meliaceae, led our group to continue the investigation into big-leaf mahogany to find potential lead compounds with biological activity against H. grandella larvae, the main predator of these species. In addition, based on the preference of these larvae for young leaves from juvenile plants, we decided to compare the fingerprints of young and mature leaves from S. macrophylla, searching for differences that could explain this preference. Finally, we carried out two bioassays against H. grandella larvae, one using a limonoid-rich fraction and another using the limonoids 10, 11, 13 and 14 isolated from mature leaves in greater amounts. We focused on H. grandella because it is the most important herbivore in terms of abundance and amount of damage inflicted on.
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Experimental
General procedures
Optical rotations were measured by using a PerkinElmer 241 polarimeter (Waltham, USA). Infrared (IR) spectra were recorded on a Bomem-FT/IR spectrometer (Québec, Canada). Nuclear magnetic resonance (NMR) spectra were recorded in CDCl 3 at room temperature on a Figure 1 . Chemical structures of limonoids isolated from the leaves of S. macrophylla. Vol. 29, No. 8, 2018 Bruker DRX 400 (Karlsruhe, Germany) and a Varian Mercury-300 NMR spectrometer (Palo Alto, CA, USA), and the solvent resonance was used as internal shift reference (tetramethylsilane as standard). The 2D NMR spectra were recorded by using standard pulse sequence.
Ultra-performance liquid chromatography-high resolution mass spectrometry (UPLC-HRMS) analysis was performed on a XEVO G2-S QTof mass spectrometer (Waters Corp., Milford, MA, USA) equipped with a lockspray source where an internal reference compound (leucine-enkephalin) was introduced simultaneously with the analyte for accurate mass measurements. Compounds were separated in a BEH C18 column (Waters Corp., Wexford, Ireland; 50 mm; 2.1 mm; 1.7 μm particle size) using ultra-pure water (solvent A) and methanol (solvent B). Column temperature was maintained at 37 °C.
Gradient elution was performed with ultra-pure water (solvent A) and methanol (solvent B), delivered at a flow rate of 0.45 mL min -1 as follows: 50-80% of B in 20 min. The gradient elution was followed by a 5 min post-run at initial conditions for equilibration of the column. The injection volume for the extract was 5 μL at the concentration of 1 mg mL -1 . The analysis was done in electrospray ionization (ESI) positive ion mode. For this, the same MS source parameters and UPLC conditions were applied.
Electrospray mass spectra data were recorded in a positive ionization mode for a mass range from m/z 400 to 1000 with a scan time of 0.1 s. The source temperature was set to 150 °C with a cone gas flow of 20 L h -1 . The desolvation gas flow was set to 600 L h -1 at a temperature of 250 °C. The capillary was set at 3.5 kV with cone voltage at 20 V. MassLynx software (Waters, Milford, USA) was used for system control and data acquisition.
High-performance liquid chromatography (HPLC) preparative analyses was carried out in a preparative LC-6A Shimadzu system with SPD-10AV UV detector (Tokyo, Japan). All solvents were filtered through a 0.45 mm membrane filter prior to use.
Plant materials
Swietenia macrophylla was collected at the Tramontina Farm, which is located about 220 km south of Belém (2°10'50"S; 47°32'0. 
Extraction and isolation
Ground leaves (1.0 kg) from S. macrophylla were extracted with hexane (4 L), at room temperature, two times. The concentrated hexane extract yielded 72 g of which 40 g were subjected to column chromatography (CC) over silica gel (70-230 mesh) under vacuum. Elution with hexane-EtOAc gradient yielded four fractions: Fr1 (hexane/EtOAc 90:10 v/v), Fr2 (hexane/EtOAc 70:30 v/v), Fr3 (hexane/EtOAc 50:50 v/v) and Fr4 (EtOAc). The 1 H NMR (300 MHz) spectra of these fractions showed that the major limonoids were in fraction Fr3 (1.53 g) and Fr4 (1.82 g), the reunion of Fr3 and Fr4 fractions was named limonoid-rich fraction. A portion of this fraction was subjected to CC over silica gel (230-400 mesh). Elution with hexane-EtOAc gradient yielded ten fractions. Fractions 7 (0.63 g) and 8 (0.82 g) were applied, separately, on a Strata C 18 -E solid phase extraction (SPE) cartridge, 1000 mg per 6 mL under vacuum. The SPE cartridge was previously conditioned with one volume (6 mL) of acetonitrile following by one volume of water. Then, an aliquot of 200 mg of fractions 7 and 8 was solubilized in 4.8 mL of acetonitrile and sonicated for 1 min, two times. After, 1.2 mL of water was added and sonicated for 1 min and applied on SPE cartridge. After elution, one additional volume of solution acetonitrile:water (8:2) was applied on SPE cartridge. The eluent was evaporated, and the residue was re-suspended in 4.0 mL of MeOH for each fraction, named 7a e 8a, respectively. Fractions 7a and 8a were purified by preparative HPLC, using a Phenomenex Gemini C 18 column (250 × 10 mm i.d., Torrance, USA), an isocratic system of H 2 O-MeOH 30:70 and a flow rate of 4.7 mL min -1 . To inject in HPLC system a loop of 500 μL was used. UV detection was performed at 215 nm. Fraction 7a yielded compounds 6 (15.7 mg), 3 (24.3 mg), 7 (13.9 mg), 2 (22.9 mg), 1 (10.6 mg), 5 (12.1 mg), 15 (10.7 mg), 9 (8.6 mg), 8 (8.8 mg) and 12 (9.4 mg), which showed chromatographic peaks with following retention times: 11.8; 12.5; 13.5; 14.1; 15.8; 21.9; 25.5; 27; 28.4 and 28.5 min, respectively. Fraction 8 yielded compounds 4 (9.7 mg), 13 (28.3 mg), 10 (32.5 mg), 11 (32.7 mg) and 14 (32.7 mg), which showed chromatographic peaks with following retention times: 32.2; 33.6; 36.8; 39.7 and 46.3 min.
Growth inhibition assay
Insects of H. grandella used in this study were obtained from the culture maintained by the Entomology Laboratory of the Universidade Federal Rural da Amazônia (Belém, Pará, Brazil), and from natural field populations at the Tramontina Farm. Field collected larvae were removed from branches and were placed in previously sterilized glass tubes containing leaves of young shoots of Brazilian cedar (Cedrela odorata) and sealed with cotton. Feeding material was renewed every day. After pupation, the cocoons were sterilized with a 5% sodium hypochlorite solution and then washed with water. The pupae were sexed (males have two lumps in the final segment and females only one fissure) and males and females were placed on filter paper in wooden cages (50 × 32.5 × 32 cm) covered externally by nylon screen. The average duration of the pupal stage was 10 days. Females oviposited about 100 eggs randomly distributed on filter paper. The filter paper on which oviposition took place was removed and replaced by new paper, if the female was still alive. The filter paper containing the eggs was cut and kept in a glass tube and a new rearing cycle was begun. Eggs hatch about three to four days after oviposition. Measurement of pupae and observations at the time of emergence were conducted under laboratory conditions at 28 °C. Bioassays were conducted at the Natural Products Laboratory of the Universidade Federal do Pará (Belém, Pará, Brazil).
For the first bioassay, the limonoid-rich fraction was dissolved in acetone at concentrations of For both experiments, the diet for control group was prepared similarly, treated only with acetone. To determine larval development, fresh eggs of less than 24 hours old were used. After incubation, 126 larvae were used for the first bioassay and 60 for the second, all in the first instar, divided into 7 larvae per group for the first bioassay and 4 per group for the second. The larvae were kept inside glass flasks (30 mL), where they were fed with young leaves of Brazilian cedar (2 cm in diameter) treated on a surface. An aliquot of 50 μL of each treatment solution was pipetted on to leaf disks surface and the solvent was allowed to evaporate.
The larvae were weighed 10 and 5 days after the start of each bioassay, respectively. The average weight gain per larva was compared with control. The discs from treated leaves were replaced with fresh (treated) every day. The averages were compared by applying the Scheffé test (p ≤ 0.05).
Results and Discussion
The hexane extract from leaves of S. macrophylla was purified by classical chromatographic methods affording eight original phragmalin limonoids (1-8) (Figure 1 ), in addition to the known limonoids 3β-O-detigloyl-3β-O-benzoyl-12α-acetoxyswietephragmin D (9), 12α-acetoxyswietephragmin C (10) (Tables S1  and S2 , Supplementary Information (SI) section) to those of 12α-acetoxyswietephragmin C (10). 20 The main differences observed in the 1 H NMR spectrum (Table S1, to H-21) ; thus, the relative stereochemistry of H-21 and H-23 is presumed to be β and α, respectively. The structure of the new natural product 1 was thus established as 12α-acetoxyl-20β,21β-22α,23α-diepoxyswietephragmin C. The structural assignment was also supported by comparison of the 13 C NMR spectrum (Table S2 , SI section) with those of 12α-acetoxyswietephragmin C (10). 20 Limonoid 2 exhibited similar NMR spectra (Tables S1  and S2 , SI section) to those of swietephragmin I (16; C 36 H 42 O 13 ), which has previously been isolated from the leaves of S. macrophylla collected in Malaysia. , indicating a β-orientation for these four hydrogens. Thus, the structure of the new limonoid was characterized as 12α-acetoxyswietephragmin I (2). The structural assignment was also supported by comparison of the 13 C NMR spectrum (Table S2 , SI section) with that of swietephragmin I (16), and 3β-O-detigloyl-3β-O-benzoyl-12α-acetoxyswietephragmin D (9) .
The geometry of the C-2''/C-3'' double bond was determined from the chemical shift of H-3'' (d H 6.65 dq, J = 6.9, 1. 13 C NMR signal at d C 166.5, helping to determine the position of the benzoate group at C-3. This conclusion was supported by the correlation observed between the aromatic 1 H NMR signal at d H 7.97 and the 13 C NMR signal at d C 166.5. HR-ESI-ToF-MS showed the molecular formula as C 40 H 42 O 15 and confirmed structure 3 for this compound. In the g-NOESY experiment, the observed NOE were similar to those found for 2. The structure of the new natural product 3 was thus established as 3β-O-detigloyl-3β-O-benzoyl-12α-acetoxyswietephragmin I.
Limonoid 4 exhibited similar NMR spectra (Tables S1  and S2 , SI section) to those of 12α-acetoxyswietephragmin C (10). The principal differences observed in the NMR spectra (Tables S1 and S2, SI (17), isolated from the leaves of S. macrophylla collected in Malaysia, 27 represents an intermediate in the formation of 8,9,30-ortho-tigloylate and converts in compound 4. In the g-NOESY experiment, the observed NOE were similar to those found for 10.
38 Thus, the structure of the new natural product 4 was established as 8,9,30-orthotigloylate-swietemacrophine. HR-ESI-ToF-MS showed the molecular formula as C 39 H 46 O 14 and confirmed structure 4 for this compound.
Limonoid 5 exhibited similar NMR spectra (Tables S1  and S2 (Figure 2 ). In addition, the upfield shift observed for C-2 (d C 75.6), when compared with compounds 1 and 4, was coherent with a hydroxyl group at this position. Thus, the structure was proposed as 2-deacetyl-6-acetoxylswietephragmin I (5).
Limonoid 6 showed spectroscopic characteristics close to those of 5. HR-ESI-ToF-MS indicated the molecular formula to be C 36 H 42 O 14 , which suggests that this compound is an isomer of 5. The methyl proton at d H 1.51 showed long-range correlation with the C-17 signal (d C 78.2) and d C 68.6 (CH by HETCOR and DEPT 135°), 42.7 (quaternary), thus indicating the secondary acetoxyl group in compound 6 to be located at C-12 and leading to their assignments as H 3 -18, C-12 and C-13, respectively. Thus, the structure of a new natural product was established as 2-deacetyl-12α-acetoxyswietephragmin I (6).
Limonoid 7 showed spectroscopic characteristics close to those of 3β-O-detigloyl-3β-O-benzoyl-12α-acetoxyswietephragmin D (9) . HR-ESI-ToF-MS indicated the molecular formula to be C 40 H 44 O 14 , which strongly suggests that this compound is an isomer of 9. However, the oxymethyne proton at d H 5.54 showed a one-bonded correlation with the 13 C NMR signal at d C 71.4 and long-range correlation with the signal for C-5 and the 13 C NMR signal at d C 169.8 and 171.3. The methoxyl singlet at d H 2.25 correlated to d C 169.8, indicating the presence of a carbomethoxy group at C-7 and acetoxyl substituent at C-6. This data indicated a secondary acetoxyl substituent now affixed to C-6. The structure of the new natural product was thus established as 3β-O-detigloyl-3β-O-benzoyl-6-O-acetylswietephragmin D. The structural assignment was also supported by comparison of the 13 C NMR spectrum (Table S2 , SI section) with those of 6-O-acetyl-3'-demethylswietephragmin E (15) and 3β-O-detigloyl-3β-O-benzoyl-12α-acetoxyswietephragmin D (9) .
The HR-ESI-ToF-MS and NMR spectra (Tables S1 and  S2 , SI section) confirmed an isomer of 4 for limonoid 8 (C 39 H 46 O 14 ). One of the differences observed in the 1 H and 13 C NMR spectra was the replacement of the resonances for an acetoxyl substituent at C-12 signals for this group at C-6. This was supported by the absence of double duplet signal observed due to an acetoxyl group attached in C-12, as well as the presence of the 13 C NMR signal at d C 71.4, as observed for limonoid 7. The structure was established as 6-acetoxyl-12α-deacetoxyl-8,9,30-ortho-tigloylateswietemacrophine (8), a new natural product.
Based on the hypothesis that the Santarém variety might have a resistance to the larvae of H. grandella, we investigated its chemical composition, using LC-HR-ESI-ToF-MS through fingerprint analysis, focusing specially on limonoids content, since they are the taxonomic markers of Meliaceae. In this study, we compared the resistant variety with a susceptible one (Figure 3) .
Moreira et al. 18 found that both forms of plant diversity had positive effects on the stem (but not leaf) defenses. However, it is known that the larvae of H. grandella, after hatching, feed exclusively on young leaves and only after some time they do penetrate inside apical buds. In this sense, our studies suggest that there should be a "perception" by the larvae of the presence of the main taxonomic markers for the Meliaceae, the limonoids.
Based on the hypothesis that the preference of H. grandella larvae by young leaves can be due to different limonoids or concentrations thereof, we have analyzed young and matured leaf extracts using LC-MS. As observed in Figure 3 , the limonoids 10, 11, 13 and 14 are absent in the young leaves, but occur in matured leaves. This difference in chemical composition between the young and matured leaves motivated our group to test these limonoids against the H. grandella larvae.
Due to the necessity of reasonable quantities of pure compounds for the development of bioassay with the larvae of H. grandella, since the substances would be administered by dispensing a solution on the surface of Brazilian cedar leaves (2 cm discs), the first experiment was carried out with limonoid-rich fraction. The experiment with a rich fraction from S. macrophylla mature leaves containing limonoids 10, 11, 13 and 14, showed significant reduction in the larval weight of H. grandella in 10 days, as showed in Figure 4 . Based on the results obtained with the fraction, the next experiment was carried out with a mixed solution containing the limonoids 10, 11, 13 and 14. The bioassay was conducted over a period of 5 days, at four concentration levels: 0.25, 0.50, 0.75 and 1.00 mg mL -1 for limonoids 10, 11 and 14 and at 0.50, 1.00, 1.50 and 2.00 mg mL -1 for 13, according to the available masses of the isolated limonoids, given that a great amount of these substances would be necessary to carry on the bioassays. Figure 5 shows the effect of limonoids 10, 11, 13 and 14 on H. grandella larvae in which a reduction of larval weight between 21-53% compared with control could be observed.
Conclusions
Based on these findings, we observed no qualitative differences between resistant and susceptible leaf fingerprints on known limonoid contents, but we should not ignore that there seems to be a different proportion between the isomers of mass 795.2840 (5 and an unknown limonoid) and the isomers of mass 763.2602 (13 and 14) . Nevertheless, it is premature to draw any conclusions about the role of all limonoids present on the mahogany leaves against the H. grandella larvae, until they can be evaluated directly in bioassays with this insect. It is interesting to emphasize that the effects obtained in this experiment with limonoids 10, 11, 13 and 14 showed a direct effect on the larvae of H. grandella, suggesting that these limonoids could act as inhibitors of growth. This effect may be the probable reason for the larvae choosing young leaves, since the limonoids 10, 11, 13 and 14 occur in large amounts in matured leaves, but are not present in young leaves.
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